We report a microfluidic device to determine the shear elastic modulus and the Young's modulus of red blood cells (RBCs). Our device consists of a single channel opening into a funnel, with a semi-circular obstacle placed at the mouth of the funnel. As a RBC passes the obstacle, it deflects from its original path. Using populations of artificially-stiffened RBCs, we show that the stiffer RBCs deflect more compared to the normal RBCs. We use calibration curves obtained from numerical simulations to map a trajectory of each RBC to its elastic constants. Our estimates of the shear elastic modulus and the Young's modulus of normal RBCs are within the same range of values reported in the literature using AFM, optical tweezers and micropipette measurements. We also estimate indirectly the elongation index of normal and artificially hardened RBCs from their tracks, without any direct observation of their shapes. Finally, we sort a mixed population of RBCs based on their deformability alone. Our device could potentially be further miniaturized to sort and obtain the elastic constants of nanoscale objects, whose shape change is difficult to monitor by optical microscopy.
Introduction
Red blood cells (RBCs) are more deformable (i.e., shear elastic modulus ~ 2 -10 µN/m) 1, 2 compared to the most other cells in the body, which allows them to transport oxygen through the microcirculation. Any change in the deformability of RBCs can have major physiological effects, e.g., if the RBCs become stiffer, they can occlude the blood flow in capillaries and eventually lead to excessive RBC destruction in the spleen. The stiffness of the RBCs changes under certain pathophysiological conditions, such as, malaria 3 , sickle cell disease 4 , diabetes 5 , peripheral vascular disease 6 , etc. This, in turn, gives rise to the possibility that such conditions can be detected by measuring the elastic properties of RBCs. As RBCs are heterogeneous biological objects, we expect their physical parameters to be distributed over a range of values.
For example, the variation in the size of RBCs for a single individual is given by the RBC distribution width. Any change in the distribution width could signify a pathophysiological condition 7 . Clearly, we first need to determine the distribution of elastic moduli (e.g. Young's modulus, shear modulus, etc.) of RBCs in healthy individuals before we can proceed to understand why and how they change in disease. This kind of information can only be obtained from single-cell measurements performed on a large population of RBCs.
There are a number of conventional techniques by which the deformability of the RBC population can be measured at the level of single cells: e.g., micropipette aspirations 8 , atomic force microscopy (AFM) 9, 10 , membrane fluctuations 3, 11 , optical tweezers 12 , optical stretcher 13 , etc. Most of these techniques require expensive specialized equipment, have a low throughput and the data acquired by these methods takes a long time to analyze. These challenges led to the exploration of microfluidic techniques. Most microfluidic techniques do not directly measure the elastic constants, but rely on accurate monitoring of the shape change of RBCs in real time as they pass through a constriction. In most cases the change in shape is parametrized with one or more parameters which are used as surrogates of the elastic coefficients. In one case 14 , the change in shape is compared to the numerical calculation of a model to derive an elastic constant. This approach, while fast, still requires expensive highspeed cameras (2000 -4000 fps) to track shape changes of cells in real time. Another class of microfluidic techniques measures the pressures required to pass the RBCs through constrictions narrower than their size. The cortical tension of the RBCs is determined from these measurements 15 .
Here we report a microfluidic device that measures the shear elastic modulus (" # ), the hundred to measure and detect the deformability of extracellular vesicles, which are so small that they cannot be resolved under the optical microscope.
Results and discussions

RBCs of different deformability follow different trajectories after passing the obstacle
Based on direct numerical simulations, Zhu et. al. 16 proposed a microfluidic device, which is somewhat similar to the Rutherford scattering experiment, to separate capsules by their deformability. The main feature of this microfluidic device is a single semi-cylindrical (semicircular in 2D view) obstacle placed at the mouth of a funnel ( fig. 1A ). In their numerical simulations, capsules with different stiffnesses are made to flow towards the obstacle. These capsules deform while going past the obstacle -soft capsules deform more than the stiff ones -and consequently follow different trajectories in the funnel depending on their deformabilities, eventually exiting the device at different locations. Stiffer capsules deviate more from their initial track compared to the softer capsules. The purpose of the funnel after the obstacle is to magnify the small differences in the trajectories of the capsules of different stiffnesses as they go past the obstacle. Vesperini, et. al. 17 experimentally demonstrated the separation of highly polydisperse vesicles based on size and deformability using the same device design. They showed that at low flow rates the capsules are separated based on size (similar to pinch flow fractionation), while at high flow rates they are separated by stiffness.
They also suggested a critical capillary number (between 0.1 and 0.2) to distinguish between these two sorting regimes.
We use the same device design (see fig. 1A and 1B), but go further, by sending red blood cells 
Measurement of the deformability of RBCs
At this point, recall what we understand by the 'deformability' of a single RBC. As the simplest example, consider a three-dimensional, homogeneous and isotropic material. For small deformations, a complete description of the elastic properties of this material is given by two scalars (for example, the two Lamé coefficients). Since a RBC is a complex biological object, it is not obvious how many independent scalars are necessary to describe completely its elastic properties. is not an elastic modulus but can be used as a somewhat indirect measure of deformability.
Another class of measurements attributes their results to the entire RBC as a solid object. They interpret their results in terms of the Young's modulus measured using an AFM 9, 24 . Finally, there is a class of experiments 25, 26 that report the transit times or the velocities of soft or stiff
RBCs through a constriction as surrogate measures of their deformability. Since these measurements do not yield an actual elastic modulus, we will not discuss those in this paper.
We interpret the data obtained from our experiments in two different ways to obtain the distributions of the shear modulus and the Young's modulus of RBCs. We also obtain the elongation index of the cells without any direct observation of their shapes. In each case, we need a calibration curve that uniquely maps the trajectory of a RBC to a measure of its deformability. By limiting the height of our chamber to 5 )m, we prevent the RBCs from bending --hence we cannot measure their bending modulus. We assume that the area of the RBC during deformation remains constant in our experiment. Hence, we also cannot measure the area extension modulus.
To construct the calibration curve, it would have been ideal if we could design capsules with the same shape as an RBC, but with a membrane whose elastic constant is known by other measurements. As this is impossible at this point, we must resort to numerical simulations. In , hence we have assumed that its area is unchanged in the device, and it is incompressible.
We visualize the motion of the RBC through the device the following way: as the RBC approaches the obstacle it slows down and gets more and more deformed; when it is just about to go through either one of the gaps it is temporarily stationary and in its most deformed state;
after which it flows through the gap. We assume that at this last stage of its movement, it essentially follows a streamline of the underlying flow (calculated by solving the Navier--Stokes equations with the geometry of the device, but not the RBC, in COMSOL). The position of this streamline is determined by the RBC's most deformed shape --in particular it is the streamline that passes through its center-of-mass at the moment when it is most deformed.
From optical measurements, we can reconstruct the track of an RBC; this track has a finite width Δ4. This is the uncertainty in our knowledge of the track of the RBC. We use COMSOL to solve the underlying flow (see fig. 2A ). Then we calculate the streamlines of the flow that pass through the outlet of our device at every Δ4 starting from the center of the outlet. These streamlines are numbered from 0 (center of the outlet) to 50 (increasing on both sides). Given one such streamline, we can now identify the position of the center-of-mass of the most deformed shape of the RBC that passes through this streamline (see the section on video processing in Materials and Methods for details). As we consider the problem in two dimensions, the most deformed shape of the RBC is a two-dimensional area, two sides of which, we assume, have the same curvature as the obstacle (fig. 2B ). We can estimate this shape by equating its area to the area of the undeformed RBC. Since the flow is incompressible, there must always be a small layer of fluid between the RBC and the obstacle. We assume that this layer has the thickness of four grid points in the highest resolution of our COMSOL simulations. At this point, we are able to map every trajectory to the shape and the position of the RBC at its most deformed state. Note that at this point the RBC is also momentarily stationary, hence the boundary condition of the flow velocity at the surface of the RBC is no-slip. Now we put an additional rigid object in our second COMSOL simulation at the estimated position of the most deformed RBC and with a shape that is the estimated shape of the RBC (see fig 2C) . From the solution of the flow problem we can calculate the pressure around the RBC (2 + and 2 , ) in its most deformed shape. These pressure values are then used to calculate both the shear modulus (" # ) and the Young's modulus (%), as explained in the following sections.
Measurement of the shear modulus
To calculate the shear modulus, we assume that the pressure difference ( fig. 2B) 3A ) which maps each streamline to a single value of " # . From our experiment, we can thus generate a plot of the probability density function (PDF) of " # , as shown in fig. 3B . From this plot, we find that the " # for the normal RBCs (black curve) peaks at ~ 4.8 )N/m, while the mean " # is 9.5 )N/m. There is a somewhat larger variation about the mean " # of the normal RBCs in our experiments, which points to the heterogeneity of the population. It should be noted that our goal is not just to measure the mean " # , but also to understand how the values are distributed about the mean.
Micropipette aspiration experiments report the value of the shear modulus to be 6 -9 )N/m 30 .
Henon and others report a somewhat lower shear modulus value of 2.5 ± 0. Note that the method we have used to obtain the calibration curve has a fixed parameter, the diameter of the biconcave undeformed RBC. If this changes significantly due to treatment by GA we must change the calibration curve accordingly. We measured the size distributions of normal RBCs (N = 3374) and RBCs stiffened with 0.1% of glutaraldehyde (N = 3992). We find that the size distribution of the RBC population does not change significantly even after treating them with the highest concentration of GA (0.1 %) used in these experiments ( fig. 3C ).
Measurement of the Young's modulus
We next measure the Young's modulus of the RBCs. If 2 + and 2 , are the fluid pressures on the two curved faces of the annular sector representing the deformed RBC in our second simulation, then the average pressure on the RBC is given by
. The undeformed diameter
? of the RBC is assumed to be 7 )m in our calculations. Since the deformed RBC has a width given by 2/ , , the change in the linear dimension of the RBC under deformation is (? − 2/ , ).
Therefore, the Young's modulus of the RBC (%) is given by.
We follow the steps described in the previous section to generate a calibration curve 
Measurement of the Elongation Index of normal and stiff RBCs
The biconcave shape of mature RBCs has an important role in determining its deformability due to the reduced bending energy associated with this shape 32 . One of the most common indirect measures of the stiffness of a RBC is the change in its shape, given by the aspect ratio 
where 'B' and 'C' are respectively the semi-major and semi-minor axes of the ellipse. Clearly, it does not make any sense to compare the &( across different experiments. But it is useful as a rough estimate of the variation of deformability of RBCs within a given population, all of which are studied with exactly the same setup. The resolution and speed of our camera do not allow us to capture the exact shape change of an RBC as it goes past the obstacle. Nevertheless, we can provide an indirect measure of &( in the following manner. As we have explained before, with every streamline we associate a deformed shape of the RBC. This shape is not an ellipse but an annular sector as shown in fig.2B . We can now construct an ellipse with one axis equal to the width (/ , ) of this sector. The other axis of this ellipse is set by assuming that the area of the ellipse is equal to the area of the disk shape of the undeformed RBC. We can 
Sorting of RBCs from a mixed population based on their deformability
Finally, we pass a mixture of 50% normal RBCs and 50% chemically stiffened (with 0.1% GA) RBCs through our device. We track their trajectories as they move through the device and calculate the PDFs for " # , % and &( from the streamlines that they follow. As shown in fig. 6 , all the PDFs are bimodal. Moreover, the peaks of all the PDFs for the mixed sample occur at values very close to the corresponding values we obtain for the individual populations. These results suggest a potential use of this device for sorting RBC populations based on their deformability alone. 
Conclusions
We report a microfluidic device to obtain the distribution of the elastic constants (shear These are about hundred times smaller than RBCs and lie at the limit of resolution of optical microscopes. They can be observed as bright point sources under high resolution microscopes, but their shapes under stress cannot be imaged by the existing techniques. So conventional deformability-based cytometry 14 cannot be used to measure their elastic moduli. As our method relies measuring the trajectory of the elastic object, and not its shape, it is more easily generalizable to nanoscale objects.
Materials and methods
Design of the device
Our microfluidic device design ( fig. 1A ) is similar to that reported by Vesperini and others 17 . . First, the gap between the obstacle and the channel wall is 10 µm in our device, which is larger than the diameter (∼ 7 µm) of a typical RBC. Second, the device height is 5 µm to ensure that the RBCs approach the pillar in a flat orientation instead of flipping sideways. Allowing for a larger height leads to flipping of the RBCs, which is avoided in our device design. Third, there are eight outlets instead of five for sample collection.
Microfluidic device fabrication
The microfluidic devices are made from the elastomer PDMS (Sylgard 184 from Dow Corning)
by soft lithography 33 . We follow our reported protocol 34 to make SU-8 masters for lithography with a height of 5 µm. We then mix the two parts of PDMS in 1:10 ratio, pour it on the master and cure in an oven at 65 o C for 45 min. We punch inlets and outlets in the cured PDMS chip using a 1.5 mm diameter biopsy punch (obtained from Med Morphosis), and bond the chips to a 25 mm x 75 mm x 1.5 mm glass slide (Blue Star) using oxygen plasma (PDC 32G from Harrick Plasma) for 90 sec. The PDMS devices are used without any surface treatment.
Preparation of blood sample
We collect a drop of blood obtained by a finger prick from each healthy volunteer after obtaining informed consent. We dilute the blood by 1000X, either in normal saline (for untreated RBCs) or in glutaraldehyde (GA) solutions prepared in normal saline (for chemically stiffened RBCs). We treat blood with 0.01%, 0.05% and 0.1% concentrations of GA for 20 min at room temperature to stiffen them to different extents. To study the mixed samples in our device, we first prepare 2.5 ml of 0.1% GA-treated blood and mix them with 2.5 ml of untreated blood to obtain 5 ml of the mixed sample.
Experiment to measure the exit positions of the RBCs in the microfluidic chip
The blood sample is first passed through RAPID, a microfluidic cell sorting chip 
COMSOL simulation
We use the built-in microfluidics module (single-phase laminar flow) of the COMSOL multiphysics software (version 5.2) with 'no slip' boundary conditions and a fine mesh size.
The simulations are performed with a flow rate of 1 µl/min to match the experimental conditions. Since the blood samples are diluted in saline by 1000 times, we simulate the flow of water to mimic blood flow in our device.
